BACKGROUND: Extraordinary technological advances and decreases in the cost of DNA sequencing have made the possibility of whole genome sequencing (WGS) as a highly accessible clinical test for numerous indications feasible. There have been many recent, successful applications of WGS in establishing the etiology of complex diseases and guiding therapeutic decisionmaking in neoplastic and nonneoplastic diseases and in various aspects of reproductive health. However, there are major, but not insurmountable, obstacles to the increased clinical implementation of WGS, such as hidden costs, issues surrounding sequencing and analysis, quality assurance and standardization protocols, ethical dilemmas, and difficulties with interpretation of the results.
The Human Genome Sequencing Project was completed in 2001, at a cost of approximately $3 billion. The sequence came with the great promise to revolutionize the understanding of the mechanisms and treatment of just about every human disease. Twelve years later, the human genome sequence has undoubtedly played a major role in the accelerated understanding of the pathobiology of many diseases but has yet to live up to the hype in the press of transforming all aspects of clinical practice. Currently this technology is being used clinically for select diagnostic scenarios, but its use is limited by guidelines from the American College of Medical Genetics (ACMG) 4 detailing specific instances that will be authorized for reimbursement. Since 2001, some spectacular technological advances have allowed much faster and cheaper delineation of genomic sequences, known as second and third generation sequencing. These technologies, and their possible applications in medicine, have been reviewed elsewhere (1) (2) (3) . Another important development has been the evolution of commercial organizations, which started to provide "direct-to-consumer" (DTC) genomic information, especially high-throughput single-nucleotide polymorphism (SNP) analysis, and preliminary interpretations related to future predisposition to various diseases (4, 5 ) . The continuing advances in sequencing technologies have now reached the point at which a genome can be sequenced within a few days at very reasonable costs (Ͻ$10 000, with the goal of the $1000 genome) (2 ) . These extraordinary technological advances have triggered discussions that whole genome sequencing (WGS) may become a relatively straightforward and highly accessible genomic test that could revolutionize diagnosis of any disease with a genetic component, facilitate understanding of the mechanisms behind development of many diseases, and consequently catalyze the evolution of effective treatments under the new buzzword of "personalized medicine" (6 ) . There are, indeed, some recent examples for which WGS has already made a difference as a method for establishing the diagnosis of difficult diseases (7, 8 ) , as a platform for selecting appropriate therapy of cancer patients (9, 10 ) , and as a tool to discover novel diseaseassociated mutations (11 ) . It is thus natural that a debate is rapidly evolving as to when and how WGS will become a standard tool for preventative, diagnostic, prognostic, and predictive tests and even for monitoring diagnostic tests (12 ) .
There are important and as of yet unanswered questions about the implementation of WGS beyond research and in select clinical applications. What are the technical and genotype-phenotype linkage falsepositive rates of WGS and what could it take to resolve them? How many patients will be subjected to unnecessary, expensive, and potentially harmful procedures because of these false positives? Will knowledge of a disease predisposition be useful for disease risk modification (if we have such strategies) or a constant (and likely harmful) psychological burden? Will we need lengthy (probably lifelong) prospective trials to show if WGS will be ultimately beneficial, in terms of some defined end point, or harmful, and for whom and for which indications? Should we adopt WGS because we can, or because it is rather cheap, or because it is useful? Research in parallel with diagnostic applications is underway in a number of centers to study these questions.
The controversy of WGS as a diagnostic test is just beginning ( Table 1 ). Below we analyze some issues related to WGS as a clinical test and evaluate where we currently stand. We seek to answer the questions of whether WGS could be a useful test now, and if this test could have a positive impact on people's health. Fig. 1 shows some putative clinical applications of WGS.
Cost Issues
Sequencing a genome now costs less than $10 000, and with the continuing advances in sequencing technologies the possibility of sequencing a genome for $1000 or less seems increasingly likely in the near future. However, the cost of sequencing a genome is misleading because it fails to include the exponentially higher costs of analyzing and translating raw sequences into a meaningful output that benefits patients ( Table 2) .
Informed consent is needed before WGS is performed. The process may require several meetings, totaling 6 to 8 hours of a clinician's or counselor's time (11 ) . This is primarily to discuss the ramifications of incidental findings of clinically relevant genetic variants. Each genome is expected to contain approximately 150 000 novel SNPs (13 ) , of which 250 -350 will be disruptive variants in genes, 50 -100 will be variants in human disease genes, and 20 will be variants that inactivate genes (14, 15 ) . The bioinformatic processing cost for alignment through variant calling (as described below) with a cloud-computing approach costs as little as $120 to identify only SNPs, with the cost increasing to identify greater variation (16 ) . Explaining results to patients adds additional time, with one institution finding that it required an additional 5 hours (17 ) . As institutions gain experience with WGS and guidelines continue to evolve, pre-and posttest counseling will become more streamlined, which may reduce the amount of time needed. Identified variants that have clinical importance need to be confirmed using a gold 
Issue Comments
Cost Usually underestimated (see Table 2 
Interpretative
Incidental findings, how to report them to patients and families (see Table 3 ); how to prioritize variants to predict future effects and use them to counsel patients; impact of ethnicity; lack of sufficient numbers of genetic counselors; physician education.
Ethical
Informed consent including pretest and posttest counseling; avoid harm (physical and psychological); disclosure of WGS data linked to behavioral issues or psychiatric disorders; WGS and discrimination; privacy and data security.
Efficacy
Weak evidence for efficacy of WGS to predict future disease risk in asymptomatic individuals [Roberts et al. (57 ) ]. .
Patents
Infringement on current patents protecting disease-associated mutations.
a See text for more details. standard method such as Sanger sequencing, which costs approximately $200 for each mutation, to verify that the variant is present in the genome and is not a sequencing-related error (18 ) . As technological accuracy improves over the coming years, there will be a diminishing need for confirmatory testing and the resulting incurred cost. After confirmatory testing of a variants' presence in the genome, follow-up tests need to be performed. These after-sequencing costs dramatically increase the price of WGS (to approximately $24 000/test) and highlight the importance of being clear as to why a patient's genome is being sequenced in the first place, with a plan in place (in consultation with the patient) on what to do with the incidental findings. After WGS has been performed, the patient's genome can be stored for future evaluation. As new medical questions arise, the genomic data can be reanalyzed. With improved software and the constantly increasing understanding about genome-phenotype linkages, revaluating a patient's genome can help identify new correlations. The cost of sequencing and analyzing a patient's genome can be amortized over the course of a patient's lifetime because their germline genome remains essentially constant. However, with the rapid development of new sequencing technologies with improved accuracy, it might be more costeffective to resequence a patient's genome multiple times over the course of his or her lifetime rather than resorting to reanalysis of the previously sequenced genome on an older, less accurate sequencing platform, with the associated cost of storing the data. The cost of storing a patient's genome may be further amplified if the preliminary data (the raw reads and mapping results) are kept, in addition to the final output.
Technological and Quality Issues
Because WGS is still in its infancy, standardization practices have only recently come out. The College of American Pathologists (CAP) recently published the first accreditation checklist that addresses next generation sequencing (NGS) in its molecular pathology checklist. This is an important step for QC of genomic testing because the CAP checklists are used during the accreditation process to meet Centers for Medicare and Medicaid Services requirements, which regulate human clinical laboratory testing in the US through the Clinical Laboratory. Improvement Amendments. With different NGS platforms and bioinformatics software available to analyze genomic data (19 ) , QC and standardization are critical. To address this issue, the CDC organized a conference, Next-Generation Sequencing-Standardization of Clinical Testing Meeting, the results of which have been recently published (20 ) .
The Archon Genomics X Prize competition (21 ) calls for WGS of 100 genomes with a grand prize of $10 million to be awarded to the team(s) that can accomplish it within an accuracy of 1 error per million bases; completeness of 98%; identification of insertions, deletions, and rearrangements; and a complete haplotype for $1000 per genome. These criteria roughly characterize what will be the world's first medical-grade genome. With the possibility of errors throughout every step of analysis in WGS, medical-grade genomes will represent a clinical standard of the quality of a sequenced genome, with a consistent and minimized level of technological errors. In addition to sequencing an individual's genome to determine his or her geno- type (using current methods, as described below), the ability to discern haplotypes is also important to provide the context of genomic variations. The recently described long fragment read technology enables the elucidation of an individual's haplotypes in a costeffective and efficient manner (22 ) . This allows the assignment of polymorphisms to a parental chromosome, the knowledge of which can provide clinically important information that a genotype cannot. The recent high-profile retraction of a genomewide association study that reported genetic variants associated with longevity in centenarians (23 ) highlights the importance of QC procedures. In that study (24 ) , the errors arose from combining data from multiple genotyping platforms. Different sequencing platforms vary in their ability to identify variants, even when sequencing the same genome (25) (26) (27) . In attempts to detect rare variants, sequencing a patient's genome on multiple platforms may help identify more possible candidates.
The first challenge in sequencing a patient's genome is accurate base-calling, which is the identification of bases from high-intensity data generated by the optical sensors of the platforms. Each platform has its own base-calling program supplied by the vendor, typically with alternative third party programs available (28 ) . The error rate can be reduced by resequencing DNA samples to increase coverage and then combining the data into a more accurate consensus sequence; however, this increases costs (29 ) . Third party basecalling algorithms provide increased accuracy and decreased coverage requirements, which simplifies downstream analysis at equal or even faster speeds than those provided by vendors, depending on computational configurations.
The reads must then be aligned to a reference genome. Current NGS technology read length varies from as short as 50 to closer to 1000 base pairs. Problems arise because billions of short reads need to be aligned to a reference genome consisting of billions of base pairs. An ever-increasing number of algorithms and software packages have been specifically developed for aligning reads, each with its own merits depending on user need (30 ) . These relatively short reads may not be mapped to anywhere in the reference genome, which is currently a compilation of a relatively limited number of individuals and incomplete in highly repetitive and variable regions between individuals (centromeres and telomeres) due to sequencing errors, gaps in the reference genome, and balancing of appropriate analytical sensitivity with the run-time of the algorithm. As more genomes are added to the reference genome, the quality and usability of sequenced data will increase. Even when reads are correctly mapped, the accuracy of the mapped short reads varies, as seen with differing alignment results when using different algorithms and by changing the parameters within a given algorithm (25) (26) (27) . Future sequencing platforms that can increase read length could mitigate these issues. The sequencing company Oxford Nanopore is currently developing technology that uses nanopore sequencing to sequence read lengths of more than tens of thousands; however, this technology has yet to be perfected and commercialized (31 ) .
The analytical sensitivity of variant calling represents another issue. Compared with the reference sequence generated by the Human Genome Project, any single individual's genome has about 4 million sequence variations (12 ) . Of these, approximately 3.5 million are SNPs and thousands are structural variations consisting of insertions, deletions, rearrangements, and copy number variants (32 ) . Algorithms vary in their ability to identify different types of variants, leading to researchers using multiple algorithms and then aggregating the results. More sophisticated algorithms need to be developed to address these issues. A particularly novel tool for structural variant discovery is forestSV (33 ) , which can call structural variants effectively in a single genome.
Currently, sequencing and analyzing the human genome's 6 billion base pairs , in spite of an accuracy of only 1 false single-nucleotide variation per 500 kbp on the best platforms (34 ), still produces an astounding 12 000 errors per genome. These technical false positives may lead to erroneously identified clinically relevant disease-causing or risk-increasing variants that would mandate confirmatory testing, potentially subjecting individuals to unnecessary procedures and causing them undue concern.
During processing through the bioinformatic analysis pipeline, the huge data files generated need to be transferred between computing infrastructure components and software programs, requiring a significant capital investment for in-house information technology infrastructure. One promising option to offset some of the computing infrastructure requirements and costs for analysis is cloud computing. Cloud computing has the potential to offer a complete analysis pipeline in one easily accessible place. Importantly, the computationally intensive steps can be distributed over many other computers linked to the cloud, decreasing processing time. A complete data analysis pipeline using the cloud for WGS has been successfully described (16 ) .
Interpretative and Ethical Issues
Incidental findings of variants not related to the reason WGS was performed may contain undesired information for patients. The information may be clinically im-portant for the patients, their relatives, and/or their offspring. A recent report by Ayuso et al. (35 ) provides specific, clinically oriented recommendations about obtaining informed consent and disclosing incidental findings based on a comprehensive review of expert opinions relating to WGS. They propose a categorization system to classify genetic information related to the present or future effect of the variant and its actionability, carrier status, and penetrance ( Table 3 ). The 6 categories are (a) findings relevant to the reason the test was performed, (b) clinically relevant variants for which treatment is or is not available, (c) variants causing high risk for future mendelian diseases, (d) carrier status that can impact reproductive life decisions, (e) variants of variable risk for future diseases, and (f) variants of unknown significance.
As with all genetic tests, pretest counseling and general information should be included in the informed consent form for WGS. Additionally, questions of disclosure of incidental findings and storage of genetic information need to be addressed. Genetic information that is of clinical relevance, even when not related to the reason for testing, and that will affect the patient, their relatives, and/or their offspring should always be disclosed for preventable or treatable diseases like Lynch syndrome, cancer-related genes such as breast cancer 1, early onset (BRCA1) 5 and breast cancer 2, early onset (BRCA2), and carrier status. In one study, patients were most interested in receiving WGS results for a preventable or treatable disease and determining carrier status (36 ) . Information about risks for future diseases that are nonpreventable and/or untreatable like Huntington disease and carrying the APOE4 variant of the apolipoprotein E (APOE) gene (associated with Alzheimer disease) should be disclosed only with prior patient consent. When WGS is performed on minors, information about risks of nonpreventable and untreatable future diseases should be postponed until the individuals reach the legal age for consent and can make their own decisions based on the information. For genetic information patients do not wish to know about, the information can either be stored or destroyed. If stored, the information can potentially be disclosed in the future, but this raises the question of whether the patient or clinician is responsible to follow up on the information, especially in cases for which new information affecting actionability is discovered.
For disclosed incidental findings, posttest counseling must include discussion of indicated follow-up tests. Interpretation of incidental findings is complicated because even variants with evidence of impact on disease risk may have different risks in an asymptomatic population than they do in the population in which they were originally implicated. Even identification of a variant associated with a disease does not necessarily mean an individual has the disease (37 ) . Follow-up studies for such false-positive incidental findings are potentially costly and invasive and may cause undue distress in patients. Moreover, they violate the medical imperative to do no harm.
Recently, the ACMG released recommendations for reporting of incidental findings in clinical exomes and WGS (38 ) . This committee recommends that laboratories engaged in such clinical sequencing seek and report mutations in a specified group of genes that are known to be associated with disease (the list includes 57 genes associated with 24 diseases/syndromes). These recommendations apply to all normal and tumor specimens in all subjects irrespective of age, but excluding fetal samples. The committee defined incidental findings as "results of a deliberate search for pathogenic or likely pathogenic alterations in genes that are not apparently relevant to a diagnostic indication for which the sequencing test was ordered." It is important to mention here that the committee felt that it is the responsibility of the ordering clinician to provide comprehensive pre-and posttest counseling to the patient (38 ) . The ACMG recommendations are controversial and have recently been contested because they may violate patient consent rights (39 ) . The advantages and disadvantages of the guidelines have been discussed elsewhere (40 ) . The guidelines will be annually reviewed and revised.
With the vast number of variants identified in any patient's sequenced genome, it is important to prioritize them for follow-up. Currently, algorithms to pri- oritize variants, even when run on the same data, make different predictions about the effects of even common mutations (41 ) . To prioritize variants with unknown disease associations on the basis of predicted effects will be even harder. New techniques use viruses and yeast growth over generations to elucidate the effects of hundreds of thousands of mutations in a single experiment (42, 43 ) . The choice of experimental systems can lead to different results and thus multiple experimental systems (i.e., in vitro functional assays and model organisms such as zebrafish and mice) will be needed to investigate the functional significance of variants. In addition to experimental studies, statistical genetics and computational predictions can be used to help identify possible effects of poorly characterized variations and enable algorithms to more accurately prioritize them for follow-up (44 ) . A recent tool to prioritize variants for follow-up, the GET-Evidence (Genome-Environment-Trait-Evidence) system, includes a peer production component for reaching consensus on variants with incorporation of phenotype information (37 ) . It is based on the first 10 sequences of the Personal Genome Project, which aims to sequence the genomes of up to 100 000 individuals and integrate complete phenotype and other biological data (45 ) . Other huge research projects such as the Genomes OnLine Database (46 ) , which lists 12 000 NGS projects that are currently underway or will be shortly, are helping assign putative functions to variations. One approach to deal with the amount of information generated is by using different approaches in managing variants depending on application. In identifying an etiology in symptomatic individuals, variant prioritizing algorithms should be tailored to identify only variants with demonstrated clinically relevant phenotypic implications that could then guide therapeutic interventions. If a definitive etiology cannot be obtained, variants with predicted effects related to patient symptoms can be prioritized for exploration in a research setting. In identifying asymptomatic individuals at high risk for preventable diseases, variants should be prioritized on the basis of strong evidence of association with preventable diseases, which would allow patient counseling to minimize risk. Triaging variants on the basis of targeted applications allows the most clinically significant variants to be discovered and used to guide patient counseling and treatment in a timely and cost-effective manner.
Interpreting the results from WGS is further complicated by the impact of ethnicity. Over the last several millennia, the exponential growth of the human population in a short time has resulted in an excess of rare variants that have not been subjected to natural selection (47 ) . Because disease-causing alleles are distributed along ethnic lines (26 ) , controls must be estab-lished for ethnicity in interpreting the significance of variants. For example, it is possible that a variant could be population specific and not necessarily cause disease. More studies examining the impact of ethnicity on penetrance and phenotypic severity are needed in diverse ethnic populations.
There is a paucity of skilled geneticists and genetic counselors available to deal with the rapid growth of genetic testing. Clinicians have not been trained to provide genetic test counseling, in addition to not having the time and necessary resources. Medical schools are developing a formal curriculum to prepare future clinicians (48 ) . The general population has also not been educated about the realities of WGS. An educational plan for clinicians and the population, in conjunction with reporting of test results with detailed interpretations and recommendations, will help bridge the knowledge gaps.
Ethical issues also arise on larger scales. Because genetic variations are increasingly associated with behavioral traits and psychiatric disorders (i.e., schizophrenia (49 ) , depression (50 ), bipolar disorder (51 )), uncertainty exists as to whether the information should be shared with the authorities if potentially dangerous behavioral traits or combinations of traits with psychiatric disorders are identified. Geneticists are examining the genome of Adam Lanza, the man who went on the Connecticut elementary school shooting spree, in search of a genetic cause that explains his actions (52 ) . However, any identified genetic variant that may explain his actions ignores the critical impact of nongenetic factors (53 ) .
It is important to ensure the confidentiality and privacy of WGS data. HIPAA (the Health Insurance Portability and Accountability Act), created by the US Congress, addresses privacy of patient data but it, and other laws and regulations, must be updated to reflect the complexity and sensitive nature of WGS. A recent report by the Presidential Commission for the Study of Bioethical Issues, Privacy and Progress in Whole Genome Sequencing (54 ), has been released and provides recommendations about privacy protection and data security, while also maintaining data-sharing opportunities that will be important to help advance research.
Evidence for Efficacy
One of the public's areas of interest in the use of WGS is its ability to predict future disease risk in asymptomatic individuals. DTC genetic tests, which primarily use genotyping panels to assess a couple hundred SNPs to provide disease risk estimates, demonstrate the difficulties in providing meaningful results. Studies evaluating risk prediction among DTC vendors found substantial variability in estimates, except in the limited number of SNPs with strong predictive value (i.e., the SNP for celiac disease) (55, 56 ) . Different predictive models can change the accuracy of risk estimates, such as if/how literature-based estimates are combined with covariates. Further, the majority of tested SNPs provide only a modest change in an individual's risk estimates, and the influence of nongenetic factors (i.e., lifestyle) on the results is unknown for most of the tested SNPs. Roberts et al. (57 ) examined disease prevalence and the rates of concordance between monozygotic twins for 24 common diseases. In a best-case scenario that maximizes the potential clinical utility of WGS, the majority of individuals will have a clinically meaningful risk allele in at least 1 disease. However, for the remaining majority of diseases, the patients would receive negative results that would not meaningfully decrease their estimated risk for developing that disease. Prospective studies should be performed to evaluate the efficacy of disease risk prediction in altering health outcomes. Presently, the ability of genetic tests to reliably provide information for risk prediction is unreliable.
An immediate application of WGS in clinical practice is for the rapid examination of the etiology for complex diseases. WGS is more advantageous than single-gene sequencing or genotyping a series of known mutations because it can identify all variants in the entire genome, possibly increasing the speed of receiving care because only 1 test has to be performed (9 ) . Whole exome sequencing (WES), which analyzes the exome (about 1% the size of the total genome) requires substantially less time for sequencing and analysis and can be performed at a substantially lower cost. WES has been used to identify the cause of a child's severe, intractable inflammatory bowel disease, in which other testing had not enabled the establishment of a diagnosis, allowing successful treatment (6 ) . In an infant with acute liver failure, WES allowed improved medical decision-making by identifying mutations causing a recessive disorder, thus leading to counseling the parents that the infant would not be a suitable candidate for liver transplantation (58 ) . WGS was used to diagnose congenital chloride diarrhea in a patient with a suspected diagnosis of Bartter syndrome (8 ) . In another case, WGS has been used to find the gene responsible an unknown syndrome (59 ) . Similar successes are now reported in an exponential fashion and more detailed coverage is beyond the scope of this review.
Pharmacogenomics uses knowledge of genetic variants to guide pharmacological treatment and selection of appropriate dosage, primarily in patients with oncological and hematological diseases, as well as in cardiac, pulmonary, rheumatologic, and infectious diseases (60 ) . It was the earliest clinical implementation of genetic testing and remains an area in which WGS can provide clinically relevant information. A list of drugs with known pharmacogenomics information is described elsewhere (61 ) . For example, evaluation of the status of the v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2 (ERBB2, formerly HER2/ Neu) status can stratify subsets of breast cancer patients who are likely to respond to trastuzumab. Targeted therapies are also available that are based on somatic variations for chronic myeloid leukemia, colorectal cancer, and lung cancer (61 ) . WGS has been used to identify a cryptic fusion oncogene and direct the treatment plan in a patient with acute promyelocytic leukemia (9 ) . In a patient with adenocarcinoma of the tongue, WGS was clinically used to identify the somatic driver mutation and direct the treatment to an inhibitor of the mutation (10 ) . For nonneoplastic treatment decisions, WGS can be used to identify germline polymorphisms that confer sensitivity to warfarin and guide dosage (62 ) . In another case WGS was used to guide therapy in twins diagnosed with dopa-responsive dystonia (63 ) . Again, similar examples are now reported at an accelerated pace.
In reproductive health, WGS can be used for preconception carrier screening, preimplantation genetic diagnosis to select healthy embryos, prenatal diagnostic testing, and newborn screening. WGS can identify all genetic variations that previously either had no tests available or required multiple tests, such as the Ͼ3500 mendelian disorders with a known genetic basis (64 ) that contribute to disease and infant mortality (65 ) . In contrast to current invasive prenatal screening options (i.e., amniocentesis and chorionic villus sampling), which pose a risk to the fetus, WGS can be used to noninvasively sequence the fetal genome by counting parental haplotypes in maternal plasma (66 ) . Identification of any diseases will inform more appropriate prenatal counseling and treatment and postnatal care. A comparison of WGS strategies and current routine maternal serum screening protocols for Down syndrome confirmed the superior diagnostic sensitivity and specificity of WGS (67 ) . Whole genome "jumping libraries" of a prenatal sample identified a translocation breakpoint that disrupted chromodomain helicase DNA binding protein 7 (CHD7), a causal locus in the CHARGE syndrome (coloboma of the eye, heart defects, atresia of the choanae, retardation of growth and/or development, genital and/or urinary abnormalities, and ear abnormalities and deafness), otherwise unidentifiable with current screening technology, the knowledge of which assists with prenatal counseling (68 ) . In utero detection of conditions such as phenylketonuria, galactosemia, maple syrup urine disease, and severe combined immunodeficiency allows treatment to be immediately administered after birth, before the newborn manifests symptoms (66 ) . In neonatal intensive care units, WGS can be used to rapidly identify genetic disorders and guide treatment in neonates (69 ) .
Patenting Issues
An important concern for laboratories performing WGS is that they may infringe on hundreds of patents protecting the clinical significance of numerous sequence variations in the genome and thus face patent infringement liability. The US Supreme Court's recent ruling in the long-running case of Association of Molecular Pathology (AMP) v. Myriad Genetics on the eligibility of patenting isolated DNA serves to end concern about WGS being obstructed by genomic patents (70 ) . Myriad Genetics is a genetic testing company holding patents on the BRCA breast and ovarian cancer susceptibility genes and a diagnostic test to identify women at increased risk for those cancers. In the earlier stages of the case, the US Federal Circuit Appeals Court upheld the prior US District Court's ruling that Myriad's diagnostic method patent claim of comparing sequence variations in the BRCA gene to identify patient cancer risk was invalid (71 ) . The US Supreme Court found that isolated DNA is not patent eligible because it is a product of nature and not an act of invention. Myriad Genetics has used its patent rights to prevent other genetic testing companies and academic institutions from offering BRCA testing and engaging in research involving the genes. Now, other institutions can engage in testing and research without fear of litigation, increasing competition in the marketplace and driving test costs down. On the day of the Supreme Court's decision, several companies and university laboratories announced that they were offering BRCA mutation testing at lower costs than Myriad; however, Myriad has sued, alleging infringement on their remaining patents (72 ) .
The US Supreme Court ruled that isolated cDNA is patent eligible because introns are removed, making it novel and distinct from the DNA from which it was derived. Because the removal of introns is a scientifi-cally routine activity, this contrasts with the Court's prior decision in the case of Mayo v. Prometheus, in which the Court ruled that combining a natural law (that individuals metabolize drugs differently) with a scientifically routine activity (measuring a metabolite concentration to adjust the dose of a thiopurine drug) was not patent eligible (73 ). It remains to be seen how the Supreme Court's most recent decision will impact their prior one. The impact of the AMP v. Myriad case on protecting intellectual property and incentivizing genomic discovery is still uncertain.
Conclusions
WGS is a tremendously powerful test with important and diverse clinical utility. Nonetheless, there are multiple challenges preventing expanded clinical implementation of WGS, such as high costs beyond sequencing, the accuracy of NGS platforms and analysis algorithms, quality assurances, the ability to meaningfully interpret results, the need to address ethical concerns about incidental findings, and the lack of trained clinicians ( Fig. 2 ). Targeted applications involved in processes such as identification of the genetic basis for complex diseases, pharmacogenomics, treatment personalization, and reproductive health represent areas in which WGS is currently being used successfully in clinical practice to guide treatment and improve patient outcomes, and where its expanded usage will have clinically significant benefits. Broader applications to implement WGS as a standard clinical practice, such as identifying disease risk in asymptomatic populations, will take a lot longer to reach the clinic. For such applications, prospective trials should be performed to show if, and for whom, the benefit of WGS outweighs the likely substantial costs associated with follow-up tests, risks of overdiagnosis and overtreatment, and the associated emotional distress. Until these obstacles can be surmounted, it seems prudent to offer WGS only for select diagnostic applications in which its continued 
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